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Abstract

Binary r~la~lil)lll;~ti(]ll t(’(llni(lu(’s arc in(r(:asing in
popldarity. TIK;~-slll)port l)rogram trt~~lsforl~l;~t,iolls”t,iii-
101(’(1tolf-:l~(l (X’I’tiliIl l)lO~liiIIl inputs. ;~ll(l tllCS(’ tlillIS-
formatiolls” h21Y(’1)(’(’11S11OIVI1to }-icl(l l)(’t’folIllil,ll(’(” giliIIS
l)(yon(l tll(> S(’01)(:of”Stilt,i(’ (’()(1(>O1)tillliziltioIIS” wit,hollt
l)rofil(’-(lir(>(’t(’(] f(’(>(]l)i](”k.T]loy (>V(>I1(k’liv(v IIlo(l(’l?lt(”
giliIIS in th(’ l)r(’s(’n((’ of profil(’-glli(k’(l opt,imizations.”
111i](l(litio]l, tr:lIlsfor~]l:]tio~ls” (an 1)(: I)wform(d on th(~
(~ntir(~(wxlltal)l(’. iIl(.lll(lilq+ ]il)rary rolltin(’s. This v-ork
f[)(”llS(’S011l)lo~l’ilIIl iIIStllllIl(’llt:ltioIl. ~(’t :lIlotll(’1 ;ll)])li-

(atioll of l)inary ll12111i1)lll:itio11.

This l)i]])(’~ l(,])olts l)r(lil~linary ~(s~llts 011 ~(ll(~iit-

illg l):lrti:ll (lat:l tra((vi t lwol+jl dyy~l,atwk:I)inary r(’\vrit -
iug. Tll(’ (x)llt,ril)lltio~ls ;ir(~ tllr(~(’fol(l. First. ii ~)ort:~l)l(~

111(’tllo(l fol (’xtr;](”tinx l)r(’(isc (Iilt?l tlil(’(’S fO1 l)illtiill (’X-
(’(lltiolui of arl)itrary ill)l)li(’iltiollS is (l(’l-(’lol)(’(l. S(’(”011(1.
:1S(’t of lli(’l;) l(’lli(’iil Stl’11(’till’(’Sf’01”(’ollll)il(’tl~ l(’l)l(’S(’Ilt–

ill~ tll(,sc a(((~ss(+ is (1(’Y(’101)(Y1.Tllir(l. i~ll ($fi(i(vlt ()~1-
Iill(> :Ilgoritlm to (l(’t(’(t r(’glllar il(”(’(’SS(’Sis intro(lll(((l.

11”(’Iltiliz( (lynamic l)illilll’ wwritin: to s(l((.ti~-(,l}- (ol-
1(’(”tl)illti:ll :1(1(11(’Sstl:l(’(’s of”rryions }vitllin il I)logl’;illl.

This illlo~~s l)i\~tii~l tlil(ill~ of not ]):]tlls fol 011l%t] sllolt
tim(, (lllrin~ l)lo~l”i\Ill (’X(’(’lltioIl in (.OIltlilSt to stati(
r(’~~-ritill~ t(xllni(lll(vi tllilt 1;1(’1{not l):ltll (1(’t,(’(’tie]]:111(1
illS() I;l(’li fa(iliti(w to Iilllit tll(’ (Ilwation of (liltil (’ol-
I((tion. Pr(’limim)ly r(’sldts sho\Y w(lll(tions of” tlnw
01(1(’1S of :1 Illil:llitll(l(’ of inlill(’ illSt~lllll(~llt ;ltioll oy(,r
ii (111;11l)ro(xv+s a])l)roa(ll iIl~x)l\-i]lg (’ollt(’xt s~rit(.llin~.

\\-(’ :11S()1(’l)olt (“ollst:]llt sin’ l’(’1)l(’S(’lltiltioIIS fol” 1(’#-
Illi]l ;](((’ss l)iitt(~ls ill 11(’st(’(1 1001)S.” T1l(v+(’(ffolts i~~(~

I)illt of ii lill~(>l l)lo,j(’(’t to (’ollllt(’l tll(’ i]l(r(~iisin~ :;~l)

1)(’tly(’(’111)10((’SS01” :111(1main Ill(}llloly S])(YYIS l)y lll(}ilIIS

of Soft\Y:ll(” ol)tilllization” illl(l ll;ll’(l IYill’(’(’1111:111(”(’111(’llts.

1. Introduction

Tll(J ~lla~liI)llliltio~l of tll(: l)i~lii~~ ~(’l)l[s(~]ltiitio]l of

(’x(’(’llt:]l)l(’ ~)~()~lillIIS is l)(xwlIling ill(’l(:ilSillgly impor-
tiillt. Dynamic compilation” t(’(hniqws, s~l(:ll iis ,just-
imtim(’ (ompilati(m. iI~(’ I)llt, 011(”(’XiiIlll)l(> of billa r}-

tri]llsliitio~l. E~i\~~lI)los in(lll(lc .Jt~lill)(~fio [1] ilt th(
l(J-(’1 of virtual ~]li~(lli~l(’s illl(l D~~lil~~lo [2] for native
(Y)(l(~. (jui]ntitati~-(~ r(wdts r(port(’(1 for DynaHlo W-
(1(’rlillc th(’ (M_c(t,iv(vl(’ss of (Iynamic (“O1lll)ililtiOil.” Cv(’11
for Ilativ(’ (“()(1(’.sillw it llilS 1)(’(’11Shell-ll to olltl)(’r-
follll l)rofil(wlimt(’(1 f(’(’(ll)il(’1<(“ollll)ili)tiOil” t(’(hlli(lllfw.
1]1a(l(liti(m. I)rofil(-(lirc( t(’(1 f(mll)a(.k ml~liws ~nultipl(,
(wlupilations. v-lli(]l has folm(l only li~llit(’(1 a(((ytan(x’
iiIIloIl~ 11S(’1S. Dyll:lI~li( (oluI)iliitioll” (iill 1)( 1)(’lfo~lll((l
011 tll(’ l)illill~ 1(’l)r(’sol]t:]t,ioll” (Illri]q+ I)lo~liiIll (’X(’(”ll-

tion. an(l (10(’s not, r(’(lllir( r(’(wlnl)ilati(m.
.4 11(’lvtl(’11(1iu tll(’ lll;lllil)lll:ltioll of l)iIlill”~ [’X(’(’lltii-

1)1(’Sis tll(’ ill(’il of (l\ ’IlilIlli(’ iIIStIlllll(’Ilt iltioIl. ~rllich
S11:11(’S:Isl)(’(’ts of its moti~;ltioll” :is 11-(’11ilS 1~1(’tllo(ls
of illll)l(~~ll(~llt;)tioll ~~ith (lyllallli(” (olill)ili~tio~l.” Tra(li-
tiollill illstrll~ll(llt:ltioll ~(’11(’rally r(’(lllir(’s (()]lll)il(’r ill-
t(ra(tion ((g.. for l)rofiling) or th( ill(llwioll of sp(xial

lil)ri]ri(’s ((., ().. fo] 11(’iii)luollitorill~).” D~~~i~l~li( illstrll-
m(wt:ltio]l r(’lHOY(’sth(’ 1(’(lllir(’~11(’lltsof rwoml)ili~l: or
r(lillkinx. Tll( t(’(lllli(lll(s for (l~]li~llli( i~lstlll~ll(lltil-
tion ar( l)as(’(1 ()]1 Illo(lifi(atiolls” of au al)l)li(ation (llu-
illg (’x(’(llti(m. FOK (>x:III1])l(’.0111 ~~-olk I)llil(ls ()]1 iill
illstrlllll(’llt;~tioll f~i]lll(,\~()~l<.Dy~lIllst [3]. tlli]t wli(v+ ()]1
t(xlmi(]ll(w of (iy)~(l,~r),i(:l)i7L(/,7”yT“(:(l)7”itiYt,f](Iluing l)lo~liilll

(x(wltioll.

Bi]li~l~ r(w-ritillg is ii t(llll tllilt ~(~l(~iill~ ~(f(’ls to

l)().st-li/)A:-tiTr)(’ mo(lifi(at ions of illl (’x(’(’lltal)](’. i. (;.. th(’

il})])l i(’;ltioll’S l)iIl;lr}- l“(’l)l(W(’Iltilt ioIl. 1)(’fol(” numilq+ tll(’
l)lOKL;]I1l [25. 17. 18]. 111(olltl;ist. l)ill:~ry tli\llsli]tioll
lq)r(wnts the l)M)((Iss of mo(lifyill~ tllc ilu+trll(tiolu+
(;111(1.,Iltlloll:ll 1(%Sfl(’(lllolltl~ (’x(r(is((l. ;11S()tll(’ (Iiltil)

of i~ll i~l)])li(”:ltioll u)})ilc it i.s (::/c(//ti~/,(/ [24. 9]. Binary
tl’:lIISliltioIl t~”l)i(’illl~ illvolv(vi tll(’ tl’illlSl:ltioll flolIl tll(’

instrll(tion S(’( of on(” ;ir(llit(’(tllr(’ to illlotll(’1 ar(lli-

1



tccturc as excretion paths are t)cing t,ouched. Sinli-
lar t(x:hniqucs aw US(:(I in dynamic code optimization
to dis(mm hot paths [2]. DyrIMLmic hmr:y rmm-iting

is a cmnt)inati(m of tlh(w approach that appli(’s to
tll(! M-orts of” 0111 work. Dynami(” l)inary r(nwiting
11s(’sa (ontrol” pro(ms to rcwite th(’ binary rcpr(+w-
t,at,ion of an c:r;(wItir),g al)pli(”ation pro(ws. How(nw.
(luring th(’ rewrit,c pro(:css t,hc (wxmt,ion of th(’ appli-

cation is l)ri(:fly susp(wdc(l l)cf(m it r(wm(:s (wxwt,ing
w-hew it was int(nml)t(:(l. h (ontrast, binary trans-
lation and (lynamic co(ic ol)tiIlliz2]tio]l” modify the ap-
plicat ion from within the application e.,y., just, -imtime
compilation is part, of the application’s cxwut,ion. Fi-
nally. t,raclitiomd (static) binary rewriting modifies a
binary r(:l)r(\s[JIlt:]tioll beforeexwution.

JY(’ (’mploy dynamic binary rmvrit,ing tc(”lmiqum for
(W,ra(t,ing footprints of (iat,a r(:f(wn(x’s from an ap-
plication’s (’x(wltion. This work is nloti~at,(d by t,hc
in(wasing gap l)dw:wn pro(msor sp(ds and mmnory

Latm(ies. \Wlil(’ pro(msor” sp(+s increase at, a rate
of approximately 60(% p(Ir y(:ar. mcrnory laten(.i(~s am
1(:(111 (:(’(1by only i(x) p(v’ Y(!al. 1V(3am inrcst,igating
both software t,eclmiqucs an(l har(lwarc (:Illlt]Il(.(J]rl(;llts

to h(’]p r(YIIlC(>the gal). The Ivork r(’portd hem fo(wx’s
on nwtho(ls for mt,ra(.ting pmti(d (Ma tmce.s (luring
the (wvltion of an appli(ati(m in or(l(’r to lat(~r aw

al~-zc th(w m(’nlory footl)rints” an(l allm-iatc m(mmrJ-
l)ottl(vlc(ks throl@ l)ro~riml tr~l~lsfor~lli]tioll” or har(l-
NW(I r(’(O1lfi;llr:ltioll.”

Tll(’ pal)(r is strllctlmxl as follo~vs.” 11-(’first intro-
(1II((Ja m(’tllo(l for (’xtra(. tin; l)art ial (Iata tra(ws. N-(M.
IV(J(l(’l-(’lop a lli(’rar(ll~- of coml)a(,t r(’~)r(’s(’llt:ltio~ls of

tl’:1(”(’sfor 1(’glllar a((.(ss(s. ill(lll(lin~ all (ffi(”i(mt onlin(,
1’a yoritllln for (l(:t(’(.tin~ r(’gldar a((vss(’s. Jy(> also l)ro-

vi(lc illl ou(l(’r-l)r(’s(’rvillg al)st, raction of tll(’ ~)art,ial (Iata
tla(c. ollr l)wliminar}- rcsldts sh(nv th(> (ff(’(tiv(m(’ss of”
0111t(dlm(pws to compactly l’rl)m(mt, (lat, il tra(’ (w. \Y(’

th(m (Iis(lws s(’Y(Yal al)l)li(.atiolls of ])artial (Iata traces.

TJ”(I(()~ltrast OIM a])proa(ll \vitll l)rior work. Finall}-. w

summilriz(, ollr (.ol]tril)llt,ions.”

2. Partial Data Traces through Dy-

namic Binary Rewriting

Partial (Iiltii t~<l(’(’S l(!l)l(’S(’Ilt 21 Slll)S(’t of tll(’ (lilt:]

footl)rint” of an apl)li(ati(m’s (x(’(lltioll. Partial (Iata

trac(’s ma~- 1)(’(ol]ll)ilr:ltiv (’lj- SIM1l aIl(l can 1)(’collwtc(l

\vitllollt ])rollil)itiy(’ly lar~(} (nwhoa(ls (Illring (x(wlti(m.

wllil(’ (’ollll)l(’t(” (liitil tlil(’(’S ill(’ (xl)(msivr to g(’11(’l’;it(’

illl(l g(’11(’l;lll~ 1(’.Slllt ill Y(’1’~l:~lg(’ :llllollllt S of (l:lt:l.
This IYOI1<fo(lls(s 011 tll( (oll((tion” of ~)illtiiil :i(l-

(lr(’ss tra(ws v-ithollt (x)ml)il(’r or linker slll)port. i. c..
:Ill)itrary (}.X(’(”lltill)l (’S (“all 1)(’.Slll),j(’(”tto tll(’ ppcratiou
of tra((’s. 11-(’ (lymllllically lllo(lify illl (x((llting a])-
l)li(ation l)y illj(xtill~ illstllllll(’llt iltioll (()(1(’ via l)inary

rewriting. The i~lst,rll~~l(’lltat,io~l is placd at the point
of m(mlor~- acccsscs to precisely capture the data refcr-
Cn(”os issued by an application. Thus. th(’ instmnl(m-
t,ati(m captures the data tra(x’ of t,lm application. 111

a(l(lit, ion. th(’ lls(’r may a(”t,i~at,(’ or (l(wctivatc tracing
so that, (lata r(’f(wnw st,r(mms aw 1)(’ing g(vmat(d or
l)(in~ sllppr(’ssc(l, r(’sp(,(:t,iv(ly. This fa(,ility l)uil(ls t.lw

foun(lat,ion” for (apt Iwing part id m(mory traces. h the

following.” the softjw+m i~lfr;lstrll(:tj~li(’ for paltial traw
generation is (l(’tail(’(l.

DynInst, [3], a componmt, mi(l(ilm-arc that v-as de-
signed primarily for “(lcl)ugging. performan(”c nmlitor-

ing and application composition” out of existing pack-
+ys’;, provi(ld the fun(lam(mtal software infrastruc-
ture. V“hile traditional debugging and pwforman(:c
monitoring approaclms insert irlst,rlllll(’llttltioll at com-
pile time, at link time or at post-link time, DynInst,
(iyr~,(lrrl.i(:(~ll;ymo(lifies (], 7vIImr),injJ (I,pplk(l,tkI n in order
to insert, illst,rll~rl(’~lt,+~tio~lsnippets. HOW:(WY. DynInst,
Version 2.3 is currently constrained to prm-i(le instru-
ln[:lltiltJiO1l only at subrolltin(> calls, entries and exits.

Furtlmmore, its (iesign assum(w a (1A process model

depicted in Figure 1: A control process at t aches to an

application process to (wntrol the application’s st,at(~

(to slq)cn(l or r(surnc cxwuti(m) an(l to mo(lify the
application itself, c.,q., I)y ins(’rtins- or mnovin~ in-
st,rllm(’llta t,ioIl (’()(l(J. This lllo(l(~l (retails ii consi(l(’r-
al)l(’ ov(v’ll(w(l (111(’to systml (“ails all(l pro(’css Collt(’xt
s~vit(hillg. l)ot,h of Tvhi(h iilS() p(>rturl) t,ho appli(at,i(m”s
I)chavior. For (~~i]l]l~)l(. (ii(llcs l)(YoIIl(~ (Iirt,y or nlay
(n-(m h flush(’(1 ({11(’to the (wwltion of the (wltrol
I)roccss or k(vm(’1(x)(l(~(luring syst(:m (,alls ;m(l (ont,(xt,
switch(~s. C1)OI1 r(xlmling the appli(,ation. (.01(1miss(w
llla~ 1)(’ill(lm(’(1 tlliit lVOI1l(I11:11-(’1)(’(’11avoi(le(l llil(l tll(’

(vw(.lltion ]lot l)(wl slqxvl(l(xl.

IY( 11:]~-((Jxt(w(l(xl the (al)al)iliti(+ of Dy]dnst with

ii S(’t of t(’(’lmi(lll(w to .Slll)])olt :1(11-2)11(’(>(1])(}lfo1111:)11(’()
monitoring. ” in(lll(lillg l)illtiiil 111(’nlory tra(.inx. This
v-as a(xolnl)lish(’(1 throlq+ a s(’(ltml(x~ of illll)rovolll(~~lt,s”
to the soft~varc illfr+lstrll(tl lr(’.

First. W( (Icmonstrat( tll( (al)al)ilit,y for (xtra(’ting
the (Iata r(~f(vrn(w of a rlllming apl)li( ation. For this
1)1111)os(’. illstrlllll(’lltt]tioll 011 a l)(v-instrllction l)ilSiS is
r(xlllir(’(i. (ml(lition(’(1 l)y tll(’ t~-l)(’ of instrll(ti(m. SI1(l]
as a loa(l or stow in th(l caw of m(mory tracing. In-

strlllll(’llt,:it,ioll may 1)(’ l)lac(’(1 ill s(’l(x.t(’(1 slll)rolltill(w 01

tlnwq+ollt th(’ (mtiw l)ro~ranl. Tll( i~lstr~llll(llt:]tioll
consists of a I)walq)oint at (’il(’11loa(l or stor(” instrll(-
ti(m in tllc ill)l)li(”atioIl, at m-lli(ll l)oillt th(’ (()]ltr()l pro-

(“(’SS111:1~(>Y:llll:lt(’ tll(’ il(l(ll’(’SS I’(Jf’(,l(>ll(’()il$i (Iis(llss(,(i ill
tll(’ follo~ving” St(’l)S. S(’(’011(1.imtrll(t,ions ill(’ (l(’(’()(l(’(l

to illf(r the r(~ist(w illvolv(’(1 ill a(l(lrcss translation of
(Iata l’(’f(v’(’ll(”(’s. Thir(l, tll(~ :I(l(II(ss of ii (lilti] l(f(’l-
(’11(’(’is (“ill(”lllilt(’(1 1);1S(’(1011 1)101)(’(1 r(’gist(’r Villll(’S illl(l
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Figure 1: Dual Process Approach to Dynamic Binary Rewriting with Context Switch per Instrumentation

Point

a(l(hws translation Hd(,s. This approach suffers fro~ll
a consi(l(’ral)lc 1)(’rforman(’c ov(’rh(’a(l (111(’to the (llml
l)ro((Iss al)proa(h (Iis(llss(xl pwviolu+ly.

oln initial illll)rov(’111(’llt a(l(lrws(w th(w short(vm-
ings l)y (vd(m(iin~ tll(’ f’ramm-ork. First. instrllction
i~lstrlllll(’llt;)tioll r(q)la(w I)roak])oints” Ivith mtiv(’ ill-
st,rlllll(’llt:ltiO1l (.()(1(’that avoi(ls syst(v]l calls. S(’(on(l.
s(ratch r(y+ist(vx sav(d l)y th(’ initial trampoline of
D\mInst aw ma(l(’ a(wssil)lo fr(ml ~vitllin the runninx
al)pli(”atioll tllro~@ (xtm(l(’(1 rlllltilll(~ slll)port. Thir(l.
noms(rat(]l r(’~ist(v ar(’ saY(Yl I)y a s(wm(l tral~ll)olill(~
in tll(, illstrlllll(~llt:]tio)l. Foluth. n-c cxt(w(l the (IlrM,llt
v(mioll of I)ynhlst to in(lll(l(’ a g(m(’ri( 11001{”to (all
:111tlrl)itr:)r~- Ils(’r–.sl)(’(ifi(’(l slll)rolltill (’. Ill(m 11s(’(1ill
(“olljlm(tioll” Ivirll (Iylla]lli(. lo:l(lillg of”slmrxxl lil)rari(’s,
i) f(atllr(’ :)lwa(ly sl~l)l)ort((l 1)~ DyllI1lst. this y(ll(’ri(

Ilooli” allomvi tll(’ i]lvo(:]tioll” of all arl)itrary slll)rolltill(
frolll i] s1lzI1(YI lil)r:lry ~lot ~)r(s(’~lt iit IiIll; ti~~l(. This
(liff(w frO1ll tll(~ loa(l lil)lill~ f(~:ltllr(~of Dy~lI~lst in t~vo
\i-<l~S. 11”(’(10 Ilot l)il I”S(’tll(’ Stl”ll(’till’(’ of”10;1(1(’(11110(1111(’S

~vllil(~ D~ldllst (lO(W :\ll(l ~Y(~l)ro~i(h” a(l(litioml (:llli~q+

(.ollt(’xt ~vlli](’ Dy]lI1lst (10[’s ll[)t. Fifth. (Iata r(’f’(wvl(xx

:11(’ tl;lllslat( ’(1 to g(vl(’l:lt(’ a(l(ll($s (’s l)as( ’(1 011 S(’lat(”ll

an(l Iloms(rat(h wgist(w l)y the slll)rolltin (~. This l)ro-

((’ss is (1(’l)i(t((l ill Figllr(’ 2. .-lft(’r tll(’ illiti:]l i]lstrlull(’]l-

tati(m. ])ilrtial :I(l(lr(ws tra((’s :11(I ~(m(’l:]t(xl tllrol@l r(l-

1)(’at(’(1 ill~-()(ati()mi oftll(” l)rol)( sllil)l)(’ts (Iluing tll(’ (’x-

(’(”lltio]l of th(’ aI)l)li(atioll. i.e.. ]vithollt in~-olving ally

illt(’raction 1)(’t]v(x’11 tllc (ontrol” ~)ro(”(,ss an(l th(’ al)l)li-

(“atioll. ill ])tll’ti(’lllill. ]vitllollt tll(’ 01-(’111(’:1(1of” (“ont(’xt

s~vit(lli]l~. This is r(’fl(~(’t(xl ill tll(’ figlw(’ l)y th(~ al)s(m(r

of t 11(’(“OIlt1’01~)lo(”(’ss.

Tll(’ g(m(’latio~l of ~)arti:ll a(l(lr(iss tlil((,s l)r(ni(l(v+ tll(>
(:\l)ill)ility to li~t(’1 :~Il:\lYz(~this tli](”(~. Tll(, g(’ll(,l:]t(’(1
~):irtia] tl’il(”(’ is still l)ot(vlti:lll~ I’(’ry l;lr~(’. a plol)](vll
a(l(lr(vs.w(l ill th(’ H(’xt s(’(ti(n).

3. Recognition of Regular Accesses

This secti(nl f(xlls(~s 011 the (l(vx~lol)~n(mt of trxh-
niqll(:s to ($fi(”i(mtly r(w)gnizc an(l (mnprcss a(l(hms
tra(’(’ Ixltt(vm. R(y+whr :~(”(”(’SSPatt(!lns to W1+~S of-
t(m ()(wn in tight loops” an(l are not, n(wssarily (011-
strainc(l to lllmlrrical apl)licati(ms. Th(w pattmm can
1)() l(>pl(%ollt,(>d Vi:] T“(@(iT” ,S(Y:~hIt (kS(H@foT’S (RI$D.S)

[13] as a tuplc of <start a(l(hms. lmgth. stride. a(wss
tyl)(’> 1 ;]s ~~(,l)i(.t(,(l iI1 T:]l)l(~ 1. Tll(~ :1(’(’(%St~p(’ til-

RSD: <start. l(mgth. stri(l(’. a(((ws t}-l)c>

a(((ws t?-1)(’ is R(’a(l or \Yrit(’

PRSD: <start. l(ll#h. stri(l(. PRSD2>
PRSD2 is <ill RSD or PRSD of” tho r(l-
p(vlt(’(1 Slll)s(’t

DS: <DS1. DS2. If->
DS1 ;lll(l DS2 a~(’ :] DS. RSD or PRSD:
DS1 a~l(l DS2 aw tll( ])rim:]ry aIl(l S(V

OIl(lary slll)str(Janl. r(sl)(’(tiv(’ly

11-: <1)1). ])1{.Sk>
~vitll 1(’ll~tll I)aralu(’t(’rx 1)1) (I)rilllary l)ro-

logllo.” sk (s((()]l(lary l;(w(’1) :]11(11)1<(l)ri-
lI1:IIY lm’11(’1)

Table 1: Abstract Pattern Representations

10!I-S tll( (list in(tioll l)(’t~l-(xvi rca(l a]l(l Ivrit(’ r(’f(v(m((’s.
Ivllicll may 1)(’lwflll in :\ss(’ssill* allo(atiou” poli(i(w ill
(a(”ll(’ silllldatiolls. Tll(J stri(l(’ of RSDS Imiy 1)(, an ar-
l)itrary flmction. 11’(’restrict ollrs(’lv(v+ to (om+tants ill

this l)ill)(’1’.sin(x’ Iv(’ r(’(lllir(> fast onlill(” t(’(llni(lll(’s to

r(~(x)~~liz(’RSDS. 1]1 (liff(wllt (ollt(~xts. 011(”lll:i~ ~~illlt
to (ollsi(l(’r lill(’ar fllll(tiolls or lli#l(’1 or(l(r l)olyllonli-”
als. Sl)(xial a(x(’ss l)ilttolllS ar(’ ~ivcn I)y r((lurillg r(’f-
(’1’(’11(’(’St () :1 S(’:11;1101 tll(’ S:1111(’illl~l Y (’1(’111(’llt. ;vlli(ll

1IIailak 411[11<(,]]]](,(1) a(i(lallj (]s(, a sit)]) a(l(lr(w i]lsl(,;](l
(1I fl)(~ Irllgtil I)al.lll)(, ((,], \vlti(tl is (KII Ii I.; Il(’111 1[(l\l’(, \(JIK 1l](’)
or]]itl(, (l III(, d(.c(,ss 1~.j)(,.

:3



Tool Ins(rumentation User Ins{rumcntalion
(compiled Ihigklevd Imgua:c)

2nd [umpolinc (save scrtiich Ircgs)

Figure 2: Partial Data Traces without Context Switches

can h r(’pr(?s(mt,(xl as RSDS w-it,h a c(mst,ant, st,ri(l(~ of
z(m). Consi(l(:r tlw (:xaml)lc u-ith a row-m~i,jor” layout.
in Figpc 3. For the sake of siml)li(”it~-. v-c assume an
offs(~t,of on(~ IXY a~~ay elcm(mt Th(: Ica(l wf(wn(w to
am:)y B occur at offsct,s 11+1, 11+2. 11+3 ((omwpon(ling”
to wf(mm(w B[l.1], B[l.2] an(i B[l.3]. wsl)(:(tiv(:l}-), fm
tll(’ first it(’~ation of th(’ ollt(’~ 1001)”:)11(1i] l(!~lgtll of”11-
1 a((ws(s. This (a~l 1)(’wpms(llt,((l i)s RSD4: <B+n+l ,
n–1, n, Read>. For array A. m 1 Nm(l a(mss(w ()(Yw
at offset (). capt, rm(xi b}- a z(w) stli(h> as RSD1 : <A, n–1 ,
0, Read>. Sil~lilillly. th(’ u-~it(> a(xcss(’s to offs(’t () aw
(“apt lll(’(1 by RSD:3.

// declare A[n] , B[n] [n], initialize A with O

FOR i := O TO n-2 DO

FOR k := O TO n-2 DO

A[i] := A[i] + B[i+l] [k+l];

l’(’f(’r(m(’(%:
.1[()] B[l.1] .\[()] .\[()] B[l.2] .\[()] .\[()] B[l.:3] .+[()]
.\[l] B[2.1] .\[l] .A[l] B[’2.2] .i[l] .AII] B[2.:3] .1[1] ,..

offs(’ts ~vithill .-1: stw;lnl 1(’1)~(’s(’]lttltioll:
1(’il(ls: () () () . RSD1: <.1. II-1, (). R(’a(l>

111 ... RSD2: <.1+1. 11-1. (). R(w(l>
PRSD1: <.1.11-1.1. RSD1>

\vlit (’s: () () () RSD3: <.1. ]1-1. (). Il”lit(>
111 ... PRSD3: <.A. 11-1.1. RSD3>

11-:3, <1. 1. 1>
1(’:1(1(iat;l Stwalll DS1: <PRSD1. PRSD3. 11’3>

offs(its ~vitllin B (MJa(ls ()]lly):
11+1 11+2 11+3 RSD4: <B+n+l. 11-1.1. R(a(l>
~]1+1 h+~ 211+:3 . . PRSD4: <B+ I1+l. ml. 11.RSD:3>

11’4: <1.2. 1>

OY(’1’ZIII(li)t~l Stl’(!illll DS2: <DS1. PRSD4. IT-4>

Simpl(’ RSDS by tlmns(’lv(’s W’ not suffi(:i(mtl~- (x-
pmssi~(’ to captrw th(’ mt,im st,mam of a(wss(w of (’i-
thm amay A or B. T() a(i(hms this limitation, w-c (N(m(l
this (l(wlipt,ion l)y power myhw section (Les(;ripions
(PRSDS), which allmr t,lw r(!~)r(:s(~]t~]tio~]of’ pom-cr sets
of RSDS as sp(’cifi(vi in Table 1. .i PRSD cxt(m(ls t,h(’
tllpl(> of an RSD, in that it, may contain a PRSD (or
R, SD)itself. ~vlli(h repwsmts t 11(’sul)s(>t. Tll(’ m~miv(’
st m(t,um of PR SDS pmvi(l(,s t,hc m(xms to hi(~~a~(,lli-
cally Iq)msent mclming pattrms w-ith (liffivnt start
a(l(lwsscs l)llt th(~ same st~i(ks and lmgths.

Tll(J (wmlpl(’ in Figure 3 illust~at,(>s hoIY all NW(1a(-

((%’s(>sto ama~- A (an 1)(}combim’(1 in PRSD1 : <A, n–1 ,
1, RSD1>. .A total of n-l ~(:p(’titio~ls of RSD1 v-itll ill-
(wmcnts of st~i(h’ 011(,1)(’t~~-(wll)ww a(l(lwss(,s of RSD1
aw q)wsmt(xl. Tll(J w-~itc a(wsscs to A m(l tll(’ wa(l
a(”(ws(’s to B ar(’ wpws(mtc(l simihly to PR,SD:3 all(l
PRSD4, I(wp(’(tivcly.

.1s illluitrat(’(1 1)}- th(’ cxaml)l(. PRSDS l)loyi(l(” i]
mll(ll H1ONI(wlllpa(’t 1(~1)1(’s(’llt,tltiollthau RSDS. Past
(’ffolt,s to (’olIlpa(. t,lY 1(’pr(wllt ;1(’(’(’ssl)iltt(l’llS l):is(’(101]
RSDS v-(’r(’ ~(11(’li~ll}- (oust~aill(’(1 to si~lll)l( :irl:iy iI(-
((’ss(’s. I)llt n-(w 11(’itll(’~apl)li(.al)lc to st:l(.k 01 11(’:11)211-
lo(atc(l stnl(tllws. 1101to ol)jwts [13]. PRSDS a(tually
l)lm-i(l(’ the Hl(’ans to (wllll)a(tly wl)ws(mt tll(w V-ll(V1
tll(’ ~)a(l(lillg 1)(’tw(wl sta(”k 01 h(’al) (lat:] stlll(tlm(s 01
ol),jc(ts is r(y+dal. For (,wH1l)l(’. a s(’t of ol)j(xts allo-
(’at(’(1 011 tll(’ 11(’al)may 1)(’a(’(’(’ss(’(1locally 1)> 111(’1111)(’1
~alial)l(’s as ~v(’11as l)Y a lildw(l list 1)(’tlv(wl ol)j(xts.

PRSDS (aI) 1)(’IIS(Y1to wpws(wt a wl)(’sting s(Y1ll(’H((I
of wgulal a(’((w(’s at l)oth th(’ lcY(’1of nl(mll)cr Yali-
al)lcs :111(1ol),j(’(ts if tll(’ ol),jwts aw lo(at(xl at (’Y(IIlly
Sl)il(’(’(1;I(I(lL’(’SS(’S.C’()~w(\ltiv(~ L’(’(lll(WtS to ;1 lll(>lllol~”

allo(:itou” ~~ill l)lovi(l( (n-(mly sl)a(wl a(l(lwsscs. In fa(t.
;1Sloll~ :1Stll(’ l(}(lll(’StS to tll(’ lll(>llloL’~;lllo(’iltoL’”follo~~”
:1 ~(’glll;ll” l):ltt(’1’11. tll(’ ol),j(Y”tS \vill 1)(’ lo(”ilt(’(1 :11)1)10-
l)liat(ly. T1lIIs. IV(’(’xl)(’(t, 0111 t(>(hni(lll(w to a~)l)ly to
III:IIIJ- l)oilltcl-l)as( ’(1 al)pli(ati Oils.

Figure 3: Handling Regular Data References
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4. Ordering of Accesses

Tll(, pw~ious sc(:tion l)~ovi(l(’(1 (vmI)a(t wpws(wta-
tions f’o~ r(’gldal a((ws l)att(vms ~vitlli~l a s(qwn((’ of
(Iata wf(vml(”(w. Data mf’(w’li((} stwams i~l num(~~i(al
(“()(1(’sohm (vdlil)it a(xws(’s to mllltil)l(’ s(’(lll(m(cs i~l an
int(’~1(’a~(xl mann(Y. C’(msi(l(’~ the (~xaml)l(I ill Figuw 3
again: .~(wss(>s to ol(m(mts of”aHays A an(l B alt(wlat(’
(at (Iiff(wmt fw(lll(mci(s). 11-( p~ovi(l( a (om~)a(t,. fl(v-

il)l(’ ~(’~)~(:s(’lltiltioll that l)WS(IIV(Wtll(’ ONI(Y of a((ms(’s
thougha (M(J .stnxm (DS). TlwDS(~xt(m(lsa p~ima~y
stwam (PRSD (M DS) 1)}- an int(’rl(>av(>(l s(xx)n(ialy

stream (PRSD or DS) ~~it,h an i7~t(;7kmv(; v(:cto7 (IV)

(s(YITal)l(l). Tll(s(w)n(laryPRSDr(lat(stoitspri-
mary (wmt(q)art t,hrol@ the 11”. which is r(qmwnt,d
I)y thrw kmgt,h paranwt,(w IV<pp,pk,sk>. T1l(I ~)7i-

mmy I)701o911c/(:7t@/ (pp) sp(’(ifi(’s tlw nlml)w of p~i-
HHiry wf(wm(cs l)(>fom a s(xwl(klly wf(wn(”(’ is issll(’(1.
T11(>I)7i71107:yk7”7tM:1k’il~]th ~I)rt) :111(1th(> .s(MwhL7”y k-

71{:1 h7/@}/ (d:) 1(’f(!r to tll(’ 11111111)(’1of 1(’f(vwlccs of (’21(’11
S(YIU(Y1(C})(~t;v(wl alt(mlatiolls, ws~)(~(.ti~-(>ly. Tll(~ DS

may 1)(: lli(’1:)~(.lli(:llly stmctluwl. i. (’.. a pxima~v (lata
st,r(’am nmy itself (x)lltain a s(’(on(laly (Iata stwam ill-
st,(’a(l of a PRSD. T1l(J illt(~ll(wv(\ y(>(,t,ol tll(m ill(li(at(w
tll(’ l)lologll(>” of tll(’ 1)1’illlill~ Stl(J:llll. follo~y(~(l”1)3-:llt(ll-
lliltillg 1(’f(’1(’11(’(’Sof t]l(’ 5(’(.011(1:11’J”:111(1l)lillltll~ k(~K-
11(’11(’ll~ths flonl tll(’ ~(’sl)(’(ti~(’ st~(’a]lls. \Ylli(”ll :I1lOTVS
wf(wn(xvi to int(’ll(w~(’ at (liffm(’nt f~(’(lll(m(i(’s. .XOIl-
(“ollstallt flulctio~lso fstli(l(’s” ill RSDS wOII1(Ialsow(lllil(~
(x~tli~al(mt flnl(tiom fol tll(~ l(~llgtll (()~ul)()ll(mts of ll-s.
~vllicll al(> not (onsi(l(w(l in this l)a~)w. Th(’ (IxaHlpl(~

ill Figlw 1311:1sa (Iat:l stmll~l DS1 (l(wlil)(’(1 I)y th(’
int(~~l(~a~-ing of PRSD1 :In(i PRSD3 \vitll an int(~ll(~av(>
~-(~(.tol 11-;3. T1l(I illt(~ll(’a~(’ vc(to~ ill(li(. at(ls that 011(”
iuitial (’1(’111(’lltf~()]ll A l(~i](lstll(’st](’il~~l (])1)=1). ll-itllh

tll(k(ml(l. ;)lt(’~ll;ltioIlsl )(,t\v(,(’~1oll(’s(’(O1l(l;i~y(’1(111(’llt”
(sl<~l) iill(l 011( l)li~]li]l~ (,l(,lll(llt (l)li=l) folloiy.” Tll(
st~(~i]]~)DS2 sl)(,(.ifi(~s tll(, int(~rl(,:lvill~ 1)(’t~v(’(’~1DS1 ;~~l(l

PRSD4 ~~itll ~-(’(tor I\ ’4. Tll( l)rilllarj k(ml(>l of 11-4
IMs a l(vlgtll of tfvo (l(ln(llts (1)1<=2) sill((’ a ~rrit( to
A is follo~~(’(1”I)y il 1(:1(1 to A frolll DS1. N-oti((, tll:lt
lllldti])l(~ PRSDS ~wi~ 1)(~illt(~ll(~il~-(’(1~vitllin a hi(’r:ir(lly
of (l~lt;l st,l(’i)~lls. Tll(’ (~~i\llll)l(~ (0111(11)(>(~~t(’11(1(~(11)~
a roa(l a(”(”(’s,sto yet anotll(’~ allay C \Yitllin tlw ilm(~~
1001).”This NY)II1(I 1(’sldt ill allotll(il stw:}lu (l~ll)(xl(lillg

:\((”(ws(w to c n-ith ill DS2 ~vitll :ill illt(~ll(’il~”(’~.(’(tol of
<2,3,1>.

S() fill. l!-(l lI;IY( 0111~ il(l(ll(’SS(’(1 l’(’~lllill ;1(’(’(’SSl)ilt-

t(wls :111(1tll(~il 1(’1)1(’s(’llt:)tioll. Dat:l stl(’:)lns aw l)()~v-
(’lflll (’llollgll to 1(’1)1’(’S(’lltil~(’glll:ll il(’(’(’sS(’S :1S IY(’11.
E:I(ll imjyd:ll il(((’ss (0111(11)( ~(l)l(s(llt((l ;IS i] siugl(’
RSD. .i l~lol( (ffi(i(mt 1(1)1(’s(~lt:ltioll. llOH-(NX’1.lnay
1)(’Vitl ~7’M!,(Jf/,hL7’ (/,{ ’(:(’SS d(’.S(:7’@~OLS (1.~D.S) of th(> follll
<address , i>. l~-ll(,r(, t]l(~ j/// 1(’f(’1(’ll(”(’~lt i] ~iy(’11 il(l-

(lr(:ss within tlw overall data stream is sp(wifid. .A V(’(”-
tor of LADs may t,h(m rcpr(>s(:nt all im>gular a((ms(:s.
.%((:(+s typ(w (wd(l 1)(’ (listinguishd I)J- k(q)ing s(p-
~i]t<~LC:I(l:111(1~vrit(’ ~((to~s for I.IDs.

Tl]isi]l)stl:]( :tiO1lofi~” (li]tt~st~(i]l~lsllfi((stol) ~()~i(l(
a (Ollll)a(t 1(’1)1(’S(’lltiltioll of r(’glllar Ief(’rm(w within

al)pl ications. T1l(J r(’l~lain(l(~r of this 1):1])(Y (lis(.llss(~s the

11s(! of (hlta Strrams. :1s NY’11:1s l)m(’fits of tll(’ m-mall

illfr;lstrll(:tllr(: for oth(’r apl)li(atiom.

5. Online Detection of Regular Streams

In thisscctim,WT prcsmt an cfficimt(m/i7/,(; algo-

rithm both in t(vms of sl)aw all(l time (mnplcxity

to(l(’twt str(`:lllls l)yl)(:rf()rlrlil lgtlll:lrl+]lysis ()1ltll('(lata
trace. our odin(’ str(’am (Me(tion illgot’itlllll assumes
that, RSDS w:itllin a stwam aw sol(’ly comprisc(l of a(-
ccss patt(xm lvitjh (onstant stri(lcs. IV(’ allow mcml)crs
forming an RSD to 1)( lloll-(()]ls(’(~ltiv( i~l tlw original
isslling s(yum(r of the program. This is u(wssar}- for
(Icaling \\-itll r(wl progranls, in Tvhi(”h 11(’(’(%s(’sto lo(’ill
stack varial)lcs aw iut(’rsl)(’rs(xl among str(’aln r(’f(~r-
(’11(’(’s.

\Y(’~volll(ll ilt(ollr:~l ~oritlllll to(lctc(t tll(>RSD (or-
rcspon(lin~ to tl(’(”(%S(’Sto ~1(I;ltil Stlll(’tllI(’ S11(’11ilS :111

;lr12i~. (1(’spite tll(’ intcrl(’aving of illt(’lllilt, (’ a(’(’(%s(~s to

otll(’r (Iata. Constraints (m SI);I(Y’w(lllim us to ~)(~i-
()(li(ally (lis(al(l th(’ t)l(lc~ tla((’ (lata to malw room” fol
11(’IV(’11(’f(wm(’(’s. ~~-(’1(’f(’~ to tlliS (“oll(’(’~)t :IS //,(Ji’71MJ.

Il”llil(’ aging (10(+ r(xlll((’ tllc l)ossil)ility of (1(’t(’(tillg
I-(JIY ~;-i(l(’lj- sl)i]((J(l RSDS. 1):/t,t(’rlls ~ritll lii~~(~ st~i(l(’s

al(’ 1(’ss lilwlj- to (ontril)lltc t(nv:lr(] t(wl)oral lo(”alit\-
(or(v(~~sl) i~ti:]llo( i,lit}).” H(,]((. ;]~i~]g(tl~~l)((~l]-
l)l()>-((lt()g('ll(r:lt('ir r(glll:lrt\( ((ss(l(s(~il)t()rs (1.ADs).
as (li.s(”llss(xl al)ov(’.

Tll( al~orithll r(’(ll]ir(w ln:iintai~ling two sq)aratr
(lilt:] Strll(”tlll’(%:

●

●

Stream Table: This (hta stnl(tlm’ (()~ltains i)
(onll)a(”t (I(v+(ril)tiou of RSDS that lMY(, i]lr(’:)(ly
1)((’11(l(’t((t((l. Tll( tal)lc is stow(l as a (haiu((l

hilsll Ivitll tll( (’:lf)(’(t((l.sll(:(:(.s.so~ ref(7eTtcc (Idircss

to thy lLSDs(lyillg as tll( 11:]s111{(JY.Ea(h H()(I(’ill
tll(’ tiil)l(’ is ;}I1RSD. i.(’.. a tlll)l(~ (.ollsisti~lg of tll(~
start a(l(lmss. tll(’ 1(’ngth, th(’ ,stri(l(’ :ill(l an ac(ws
tyl)(. If aginx of RSDS is (Icsiw(l. an a(l(iitioml
Yalll(’ r(q)r(wntil]8 th(’ {Jq(:of the last r(’f(w’ll(wl

RSD(l(w(vlt isi~(l(l((l to’tll(tlll)l(’. .ha(l(litional
tlll)l(’ fi(Il(l implcln(mts (ll;iilling ill tll(’ 112A tal)lc.

PooI: This (Ii]t;l stll~(tll~( (olltili~ls tll( 1(’f(’r(ll((’s

tllilt ll:IY(’ llot }-(’t 1)(’(’11i(l(ntific(l :IS ])illt of tlll~

RSD. Tl)c r(f(ml(w li( v-ithill tll(’ (~)i~tdo(~)of a(l-
(lNISS(S I)(inj+ s(:]I1]l(YI for l)ot(vltial RSDS. As

11(’lYtl(l(ll(’SS(’S :11’(’l’(’f(’1(’1l(’(’(1. tll(’ ;Yill(lon- of il(’-
til-(’ a(l(lH’ss(w :I(lr;ill((’s lvitlli~ltall. an(l. (011-
S(’(lll(’lltl l’. 01(1(’1” l“(’f(’1”(’1l(’(’S ill(’ ;}~(’(1 illl(l l)lolllot (’(1”



WHILE new reference exists DO
Increment column; /* move window */
pool[O] [column] := new reference; /* Add reference to pool */

IF reference IN some RSD THEN

Update length of RSD in stream table;

Mark column in pool (shaded in example);

ELSE

/* Compute and store

FOR i := 1 TO window

pool[i][columnl :=

END FOR;

found := FALSE;

differences in pool */

size DO

pool[O] [column] - pool[Ol[column-il;

/* Search for RSDS of minimum length 3 */

IF there exists i in l..size AND k in 1..w THEN

Enter RSD in stream table;
Mark columns O,i,k in pool (shaded in example);

END IF;
END IF;

END WHILE;

Figure4: Online Algorithmto Detect RSDS

to th(~ corr(,spon(ii~lg” st,r(>a]n of I.IDs. In or(l(~r
to (l(,t(mlin(’ tll(~ (xist(m(e of RSDs with (onstant
stri(l(’s. it is i~n})(’rativ(’ to com~)llt(” (Iiff(vxm(vs 1)(’-
tl~(’(’11(’1(’lllmlts of th(’ })()()]. T() 1(’(111(’(’tll(’ (’0111-
l)lltiltiO1l:ll (oml)lmity i)] l(’l)(’at(’(ll}- (h>t(vmilling

th(’ (Iiff(’r(m(v l)(’tw-(’(vl (’xistilly (’l(vllmts as n(wv
(’1(’nl(’nts :Ir(’ :1(1(1(’(1to tll(’ pool.” IV(, lmq) tla(’li of”
(liff(wn(”(’s \\-itll l)rior (’1(’111(’~ltsI)y storing a .scf, of

ii,flvrmcc5 alo~lg ll-itll ra(h r(’f(’r(vl(v ill th(~ 1)()()1.
The (Ill(wt for lo(atill: RSDS MYII1((Wto oll(~ of
fin(ling a s(’(lll(m(( of’] )()()1 (l(~ll(mts ill Ivlli(.11 (lif-
f(’1(’11(’($l)(’tlY(’(>ll (olls(’(lltiv( Stl(>iilll (>l(>Ill(JlltS iil(>

i(l(’llti(’al. Pr:i(ti(al]y. tll(’ 1)()()1(x)llsisting of” l)oth
th(’ ]ll(mory r(’f(mm((’s :111(1tllc (:ll(ldat(}(l (liff(v-
(’11(.(%(’:1111)(’ stol’(’(1 ill :1 stati(:llly ~lllo(’ilt(>(l. tw-()-
(lilll(’~lsion{il allay. ]Ylli(.11is IUN(l ill a (.ir(.lllar m:lm
11(’1l)y k(’(’~)illg tr;i(”li of t~]-()in(li((vi. tllc .st(J,7f,all(l
tll(, ef),d of tll(~ :1(.tiv( :](1(11(ss(s. TI1(I in(liccs a(l-
Yan(c via ]110(11110”;Ilitlllll(’ti(. t11r071~ll tll(~ 1)()()1.

Tll( I)s(v1(I() (()(1( of’tll(, illgolitlm. (mlitting tll(’ (1(-
tai]s of aging illl(l (list, in~llishing ;i((ms tyl)(x. is l)r(’-
s(mt(,(l in Fig~ll(’ 4. lYc illllstlat(l th(~ :Il)l)li(:ltion of’th(,

algolithlu (m tll(~ (’.xallll)l(’ in Fi~lm’ 3. Iy(’ assll]ll(’ A
a]l(l B st,art at lo(:~ti(nl 100 azl(l 200. r(vsl)(’(.tiv(’ly. an(l
:il(~ stor(~(l in ro\V-I~l:],jor” l:),~”ollt. For .si~ul)li(’ity. TV(’il.s-
s11]11(’})ot,ll A illl(] B 11~)~(>10 (Jl(’lll(’l]ts (’:1(’]1.~111(1(’z1(’11

(’l(ml(’nt ()(mll)i(’s :1 single 1]1(’I1lOIJ.lo(atioll,” Th(J :](-
((’ss(’s triilu-ht(’ into an :)(1(11(’ssS(Y1lI(V](YIah foll(nvs:

100:211” 100100:212100100:213 100100:...
101 :221 101 101 :222101 101 :223101 101 :...

Figlm 5 shin-s th(’ snapshot of the pool” as t,h(
fh’St (’ight 1(’f(’1(’11(”(’Sill(l (’ll(”ollIlt(’1(’(1. Th(> h(>:l(k!l 10IY
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Figure5: Snapshot of the Reservation Pool

tll(’ (i~flc7(:/),rc I)(tuwvl tll(’ valll(’ ill tll(~ (.lln(mt (Y)lImm
11(’;l(l(’1:111(1tll(~iilll(’in ill)l(Y”(’(lillg (’ollllllll (.S(’(’““(’0l11-
I)llt(’ a~l(l stol(” (liff(vxul(xw”’ in Fi~lm’ 4). Th(I ~)arti(ll-

lar(l(vll(’llt 11s((1for (al(mlating th(’ (lifl(:~(~I),((:(l(l)(IIl(ls
011 th(~ ro~v ill ~~lli(.h tll(, (Iiff(m’n(.(, is (oml)llt(’(1. Tll(,

first N)IY (I)(lon- th(’ 11(’:)(1(1) ((resists of th(’ (Iiff(wm(c
1)(’tlwwl tll((lum’llt al](l tll(>illllll((iit)t(ly l)m(((lill~(l-

(’mmt ((list a])(c -l). m(ml)lifi(xl I),T tll(’ 111)1)(Yamm-.

Tll(s((()ll(lr( )~v(()llsists() f(lifi(l(ll(('sl) ('t~r(('ll tll((lm-
r(llt (Jl(’l]l(vlt :]]1(1its s(xon(l l)r(xl(’((’ssor ((list an(w -2).
illluitrat(’(1 I)y tll(~lonx~l am)ir. :111(Iso f(nth. T() (“al)tlm’

RSDS ~~-itllill a ~vin(lo~~-siz(’ w. ~v( n(wl only (ollll)lltc
tll('(liff('r(ll( (s;ll)()v(tll(( li:lg()lli)l()f t,ll('l)()() lt:)l)l(. El-
(’111(’lltS (I(t(’rlllill(’(1 to 1)(’ l)illt of ;1 stri(l(’ i)l’(’l’(’llloY(’(1
frO1ll th(’ tal)l(. Ill tll(’ (xi]]ll)l( :]I)OY(. 011 s((iux the
thir(l 100 (<isslllllillg :] lllillillllllll l(vl~tll of” thrc(’). lV(I

(i



~rilli(l(vltifyan RSD l)y ol)s(’~~ing th(’ t~~() corr(xpon(i-”
ing (liff(wm(rs of’O ((ircl(’(1) in il transitiv(’r clati(msllip.

Colls((lll(>lltly. m’ \vill illsolt all RSD of <100, 3, 0>
ill tll(~ st~(~il]ll till)l(~. Tll(w(’ (~l(~lll(>lltsi~l( SI1OIVIIsll~](l(Yl

in tll(’ 1)()()1to illllstrat(’ tll(’il ill)S(’11(”(’from tll(’ slll)s(’-

(111~’llt(liff(vm(c (’ollll)lltilti ollS” of tll(~ 1)()()1. Silllil:iI’ly.
the lat,(’r 100s ~vill I)(I imm(xliat(’ly ol)s(mYYl to 1)(’long
to the RSD. an(i t,ll(’ RSD fi(’l(ls \vill 1)(’ mo(lifi(’(1 to
<100, 5, 0> on r(,(.(~i~-ing t,h(> fifth 100. It is imp(n-

t<lllt to O1)S(’lV(”tlli)t 011 (1(’t(’(ti Ilg illl (’1(’lll(’llt to 1)(’ :1
part ofi]~lRSD. wx!stillk(xyaslot forit ~~llil(~ol~lit,ti~lg
(liff(mm(cs for this (’lmn(mt,. The slot, is lq)t, to pr(:s(m-c

tll(’ notion” of th(’ u)indou) size. 011 s(>cing 213. i) 11(’IY
R SD is i(kmtifi(d by ol)s(rving all i(lmt ical (Iiff(mm(r of
1 ((ir(l(’(1) fol’th(” t,rilllsitiv(’ r(:l:ltioll}) (’t~v(’(’11 211, 212
an(l 21.3. .It this l)oint. <211, 3, 1> Trill lx’ imwrtc(l
in the strram tal)l(’, and th(’ slots for tllcsc cl(m(mts
(“iill 1)<’ lIliilk[>(l to i~l(li(’ilt(’ th(’ir lloll-I);]rti(”il)iltioll” in

fluther RSD (l(twt,ion.

IY(’ (an slmmarim Ivith th( follow-il]g” ol)s(mat,iom:”

●

●

●

●

●

Th(w is all ilupli(it asslll~lptio~l that S(I(lII(V1(YW
mllst hafw a minimllln l(mgtll. at \vlli(ll l)oint th(’
(“orr(’s~)oll(lill~” acccss(w aro pmm)t(xl to :111RSD.
This (lctail is ()~uitt((l from tll( l)s(,ll(lO-(:()(1(1Nq-
r(wmntation of”tll(~ i]lgo~itlllll. 1]~tll(’ (~~il!lll)l(~.this
Y:]lll(’ is tlm(’.

Tl]( ~~omt cas(’ (olnl)l(xity of th(’ ill~oritllll! is
~~(.Y x ((’~). \\-lI(VX).1- is tll( 11111111)(1oftotal” r(f-
(’1(’11((’;111(1((’ is tll(’ n-ill(lo~~ sire. This (;i]l 1)(
si~llifi(’illltly 1(,(111((~(1if’ tll(, (Iiff(w’ll((w \l-itll l)riol

(’lcm(’~lts ar(’ ~lot (“O1lll)lltc(l lYI1(’]1it 1)(’(.0111(’s(1(’ar
t]lilt 110 Stl(’;llIl \Yitll t]l(’ Illillillllllll ](’Il~tll (’:iIl 1)(’

foIIII(l illth(~vin(l(nt-.

0111stl”(’:1111t,ll)l(} is ol)tillliz((l for tll(’ :Iv(’l:lg(, (ilS(.
\Yll(l(’ il~l (1(’lll(~lt (10(S not l)(lo~l~ to illl}- RSD.
Ext(ll(ling RSDS ill ollr 11:)s11is 11101(”[xl)(,llsi~-(’
tllall j)(’rfomlillg au Ilnsll((”(wsflll 10011111).” sin(() it
ill~ol~-(s (ll;lnxillg the ll<isll 1)11(.l<otof tll( RSD.

OIW :ll~orithlll illt(mtion:illy l)r(’v(llts nl(ml)(vsllil)
of’:111(’1(’111(’lltill Illldtil)l(’ str(’illlls. If-(’ il(’lli(’\’(’this
l)y r(ln(n.i~l~ (,l(ml(vlts frolll th(’ 1)()()1011 (1(’t(xti]q+

tll(il 111(’llll)(usllil) ill a~l RSD.

.1S Ill(lltioll((l 1)1’f’ol(’.il~illg of Stl”(’ilIllS (iIll (’ilSil~
1)(’a(lli(v((l I)y in(lll(ling :) til~ ~vitll (:1(11 tlll)l( ill

tll(’ St I’(’:1111till)l(’ signifying tll(’ Stl(’illll’S il~(’.

11’(omit tll((l(tililsof (()]~l])()sillgRSDsillt()PRSDs

illl(l (Iiltil Stl(’illl l,? (DS). si~~(( tl)(w(, t:,sks (10 ~~ot ,)r(vw~~t
:] si~lliti(.;illt (.olltril)lltioll” to th(’ i)lgoritlllll.

6. Preliminary Results

Pl(’lilllillilry l’(’slllts of ollr stll(ly Iv(’l’(’(’oll(lll(’t(’(1 011
tll(’ P()\Y(’I’PC’:3 ill’(’llit(l(’till’(}(’lo(’k(,(l ilt 222 NIHX 1111(1(>1

.+1X 4.3 for ii s(’t of k(mt(ls \vitll ll(st(’(1 1001)s”a(((wsiu:

nlatric(:s.Our initialillstrlllll(:lltatiollwith two con-

t(’xt,SWit,(h(’S I’(’Slllt,(’(1 iIl ilIl OV(’I’ll(>:l(]of :ll)ollt S(:(”011(1

j)rr illstlll~]l(llti]tiollI)oillt. By illll)l(l~l(lltillg i~llill(’ ill-
strlllll(’lltzitioll ilS (I(vi(lil)c(l ill s(xtiou 2.. this OY(’1’11(’il(l
\YilS 1(’(111(’(’(11)}-tlll(’(’ ol(l(’~S of a lmlgllitll(l(’ to ill)ollt

.560 psccs p(’r illstrlll~l(’llt~~tiolll)oint. T1l(J test, kcm(’ls
(“all 1)(’ (l(’scril)()(l :1s follo~~s.” Modulo l)(:lfO1l~ls /) \~li\l)-
i~~oll~l(l ~llo(illlo” in(lcx- into :1 matrix, MMis i] ~~~llliil
matrix l~lltltil)li(iltioll an(i tiled MMis a til(xl v(>lsiou
with a l)lo(kin~ size B=,50 r(wultin~ in 50 x .30 til(w
for an N x N matrix. Tal)l(I 2 (I(l)icts th( IIuI1]l)(Y of

RSDS all(i PRSDS for th(’ (’(mtral 1001)”of (’a(’h l)~()~ltllll.
Nyot,ic( t,llat, Iro only (Iq)ict t,ll(’ mctri(s of Of/Lcilll~l~ :1(”-

mzm%l

program hI()(iulo NfhI til(xl ill]

Table 2: Number of Descriptor per Kernel

((+s. Tll(~~(JJY(JI(~~i totill of thl(t(> I(Iii(l <i(((~ss(,s i~ll(l OI1(J

\vrit(’ i~(’((~ss1)(~~it(’ri]tioll fol (J:](lI 1<(’111(’1.Fol Modulo

i]~l(l MM. ii singl(’ RSD s1lI%((’s to 1(’l)ros(’~lt tll(, r(’g~ll:]~

il(((’ss(~s I)(’1 i)ll;~~ for tll(’ iml(’rmost 1001).” Tiled MM

r(,(lllir(~(l B s(’l)i)liit(! RSDS fo~ (~ii(ll l)lo(’k(~(l 1001)”sill(”(’
l(!l)(’~lt(’(1 ;)(’(’(’SS(’Sto <’il(’11I)lo(”k ilI(’ issu(’(1viaS(’~)?ll’:it(’

I)lo(lw(l str(’allls.Modulo r(xlllir(’(1 011(”PRSD to MIl)M-
s(mt tllo mo(lldo” arith~ll(>ti(. ill ill(lcxing tll(} ]natlix. MM

1(’(lllir(~(ltv-()PRSDS for th(’ mi(l(ll(} :111(1ollt(>r 1001)s”of”
th(’ matrix ~llllltil)li(iitioll (I(q)ict(’(1 ill Figllr( (i. Tiled

MM, PRSD1: < &B, o, 1000, PRSD2>
N=1OOO: PRSD2: < &B, 8, 1000, RSD>

RSD: < &B, O, 1000, Read>

tiled MM, PRSD1: < &B, O, 50, PRSD2>
N=1OOO, PRSD2: < &B, 8000, 1000, PRSD3>
B=50 : PRSD3: < &B, 8, 50, RSD1>

RSD1: t &B, O, 50, Read>
PRSD4: QB+400, O, 50, PRSD5>
PRSD5: QB+400, 8000, 1000, PRSD6>
PRSD6: @B+400, 8, 50, RSD2>

RSD2: -QB+400, O, 50, Read>

Figure6: Descriptors: One forMM and two (outof

50) for Tiled MM

MMmllliml tlm( PRSDS \vitll B ~ariatiolls. (lq)i(t(xl
for 1-=1000, Bc.30 illl(l ;] (Iiitii siz(ofS l)}tos 1)(~ l(f-

(Y(~Il((>i~l Figlm(’ 6. on(~ PRSD ill a(l(litiO1~ to tll(~ tv-()
PRSDS ofMM (:ll)tlms th( l)lo(killgfor” 011( (Iilll(’usioll.
Tll(’ s(YOI1(I (Iiln(’nsioll mll~ir(s scl)alatc lllo(l(lill~ for
(~:](1] 1)10(”1{(’(1stl(~:]l)l 1(’slllti118 ill ii totiil of B tl~~(’(~-
l(Y(’1 PRSDS \ritll 011( RSD (’i](ll. Figlm6 (I(l)i(ts t~vo
of sll(h 4-1(’Y(’1(l(w(ril)tom. I\”(’ olllitt(’(1 011(”il(l(litioll:ll



RSD (an(l the corresponding PRSDS) from the tal)l(’,
which r(’sult,s from starting t,hc partial (Iat,a t,rac(~ in
th(~ nli(l(llc of an it,(’rat,ioll and r(wdt,s in an RSD \~-it,h
short(’r lmgt,h than ol)s(mwl (Illring cO1ls(wltiv(” it(’r+l-
tions. OY(Irall. the rmdts (.onfiml that r(,gldar a(vss(w
(“:]11l)c ~(~~)l(ls(~llt(~(iin ii (ollll);~(t ~ll:i]lll(~~. For t\\-() 1{(’1-
ncls. th(’ (ompa(tion” fa(to~ is :Y x iY. i.e.. the mildt,ing
ac(ms r(~l)r(’s(’llttitiolls ar(~ of constant siz(~. FOI th(’ last
k(ml(~l. t,ho (mnpa(t,iou fa(tor is fY x N’/B. In pra(-
t,ic(’. th(’l)lo(kingoftile (l” matrix mldtil)ly is a constant

implyin~ that tll(’ or(lcr of (ompact,ion is still 1~ x <Y.

7. Applications of Partial Data Traces

11”(’llal-(’ (l(monstrat(’(1 t,h(’ al)ility to (:xt,ract (lata

Nf(’r(!n(’(% from l)inari(w an(l haYe (Jstal)lish(d nl(~tllo(]s
to r(’pr(wmt (lata stwams of r(’f(vwl(w in a coml)a(.t
111:11111(!1.Thc (“ompr(’ssion” of (lat,a st,r(;lllls is illt(grat(,(l
into th(’illstrlll~l(’llt:lt,io~lofth(?l)inarytoayoi(lth(’g(v-

(’rati(nlofvoluminoustraces.Th(we CO1llPX(’SS(XIt121(’(:S

may 1)(’ (“OIll]llllIli(”:lt (:(l (m (I(man(l as l)artial tra(.(’s to
allotll (l” 1)1’()(’(’SS.Sllcll as tll(’ (’OIlt,Iol”pl’()(’(ws.

7.1. Incremental Cache Analysis

In th( (asc of (a(h(’ analysis, tile (“a(h(’ })(>havior is
simldat(’(1 ill(.r(’111(’llt:llly l)asc(l on tll(’ ])artial ~]1(’~llory
tla(’(’s as tll(’~ :11(’slll)l)li(xl. C:I(ll(J si~llllliltioll ;Illom-s
tllc i(l(’ntifi(atioll of the (:111sosof (a(h(, miss(~s. SI1(.11as

(01(1 l)liss(x. (onflict Illiss(vi all(l (’apa(ity miss(x. only
tll(’ latt(’r tl!-() ar(’ lrl(na~lt for th(’ l)logra]nnlcr sill(x~
only tll(~~- may l)c a~oi(l(xl. Tll(~ (a(h(’ silnldator l)ro-
vi(l(’s tll(’ ]n(’ans to t~a(.k the solm(’s of (“()~lfli(’ts. i.(:..
:1 (’:1(”11(’(1(Iilt ii it(vll 1(’l)lil(’(’(11)~ :1 miss is 1(’(”O1”(l(’(1 ill
(x)lljlm(tio~l v-itll tll(~ lniss. T1)(>simldatioll r(vildts (all
1)( (Iq)i(t((l \f-itll a r(f(r(ll(( to th(’ sollr(( l)lo~ra]ll.

tll(’1(’1)~ ~lli(liug tll(’ j)l’()~lilllllll( ’l’ to not sl)ots of (.:1(.11(’
Iniss(’s. Collfli(. t llliss(w (.onrlat(> tll(> sollr(m of :1 llliss
Tvitll tll(’ it(ml r(q)la(r(l ill (.:](11(’. Ctll)il(’it}” Illiss(vi llla~
1)(’ r(g:]r(l((l :1s t} sl)(’(iii 1 (asc of ((nlfli(t miss(’s lv1l(IN
i] (l~lt;l .stl’11(’till’(’(’o’~/,,fli(.t.s ‘?iJ~~}/, it.$(’~~. .~ (’orrclatioll”1)(~-

t]v(’(’11 (olili(till& it(ms 011 tll(’ l(n-(’l of (Iata strll(tlms
l)roli(l(w sllfi(imt information” to tll( l)ro~ralulll(l to
11(’11)l(vitlll(tllr( the al)l)li(atio]l I)lograln an(l. slll)s(-
(111(’lltly.to al-oi(l SI1(I1a (ollfli(.t. .Al)l)li(,ati(nl r(vitnl(-

turill~ (“an yi(’1(1(ollsi(l(’l:il)l(” 1)(’lfollll:ill((” ,gaills. OY(’l-
:111.ill(’1(’1ll(’lltill (il(’11(’si~llldatioll :i~l(l lis~li)lization of
(;1(11(’ (.orr(’latiolu+” i(l(qltifics nl(~mor}- })ottl(ql(y,l;s (]lot

) This infor~,~atiol~ (IHa})I(w th(Sl)otS of (I<ltil Illiss(vi
l)rogralll]ll(’1 to r(vitrll(tllr(’ th( (lata la~ollt or tll( it(r-

atioll strll(”tlm’ 01.(’1 th(’ (Iat:) sl)a((’ ill (111(’stioll.

7.2. Dynamic Code Optimization

Illfollll:itioll” :Il)ollt tllc (:111s(’of (:1(11(’ Illiss(’s I1l:IY
illS() 1)(’wq)loit(’(1 l)y (Iyllanli(. (()(1(’oj)tinlizatiolls, ” Soft-
\l-ill’(’ l)r(’f(’t(llill: (:]]1 1)(’ lM(Y1 ill (OIl,jll)l(tioll” \vitll

loop unrolling to s(>k’ct,iwly pr(:fctch (lata ~vll(vx’cache
misses aw known to oc(wr r(yydarly. NIor(I compl(’x
ol)timizations:” s1l(lI as tiling and oth(’r loop” transfor-
mations. wly 1)(J apl)li(”al)lc l)llt, aw sul)j(x”t to (lata
(1(’l)(m(l(m(:(’ constraints that can 1)(’inf(wwl from (Iata
fl(m- analysis [28. 29]. .ipplying s1l(ll trtlllsfor~ll:ltiolls”
(lynami(all~- 11:1s(.ollsi(lcral)lc a(lyantag(’s OY(’r(onll)il(’-

tim(’ optimization.” During (wvltion, t,h(’ ar(hit(’(-
tural paranl(lcrs. SIIC1las cache size, aw hov-n. an(l
this Iaowl(xigc may wsult in program trilllsfor~ll:ltiolls”
I)(:t,tcr g(:arc(l tow-ad a part, i(ular ar(’hit(xt,uw, II:(, can

r(xt,rictj th(w opt,imizat,ions” to hot paths that ma}- 1)(’
(1(’t,ect,(’(1by illstrlllllclltiltioll along t,hc lines of port,al)l(”
fram(mmrks that, t,aqyt difhwnt processors,” such as

UQBT [9. 26]. Ollr i~lfr~lstrll(tllr(’ P(mnits tll(w o~)-
timizations to o(wlr offline before tllc (Jptimizc(l (()(1(:
is ill,j(x”tc(i into tll(~ apl)li(:ati(nl. Tll(J application may
pro((wl to (Jx(’cut(’ Irllil(’ the binary is b(:ing optinlim(l.
Ivhich r(’(lll(w the OY(>rhw)(l of (lynamic compilation”
typically imposc(l l)y jllst-in-tim(’ (ompilati(m.

8. Related Work

The i(l(a of (:nhan(i~lg DynInst, l)y sllpl)lying the
r(’gist(>~ contmts of scratch an(l nomscrat(.h r(’gist(’rs
an(l tjh(’ a})ility to invoke higll-!(’vcl routines tlnOl@l
ill(limt (ails to (Iymmical]y loa(l(xl shaml lil)rari(’s
I)llil(ls 011olu l)rior R-ork 011~lllllti-tllr(’:](1((1 (l(}l)ll~gin&

[23]. The ~)(rfom)an(( i~~,l)ro~(~~~(~~tsof three {)r(l(rs of”
a magnitll(lc ar(’ consistent with ~)r(’viousl~ ~)lll)lisll(xl
t((hni(lllcs for sllpporting fast l)Ieakl)oillts [16]. T1l(I
invocation” of arl)itraly rolltin(’s has also I)(,m r(~:iliz(,(l
ill a similar fashion in DPC’L. a (list ril)~lt(~(l illstrllnl(v-
tation fram(v-ork on t(q) of D~~d~lst [10].

R(gldar S(’(tio~l D(’s(ril)tors ~(q)r(s(~lt :~ I)i)lti(lll:ll
illstall(r of a (O1lHUOU”(.oll(q)t ill IH(I]Ilor~ ol)tilllim-
tions. citllcr ill softm~r(” or har(lw-ar (,. For illsta]l((’.
HaYlak all(l K(vm((l}-”s RSDS [1;3]ar(’ ~irtllally i(l(llti(;~l
to tll(’ .str(’(lnt d(:.s(ripf,ors ill lls(’ at al)ollt th(> salll(’ tilll(’
i~l tllc (x)llll)il(’1 :]11(1]n(mlor~ syst(ms N-ork illsl)iml I)y
th( IYII al(llit(xtlu( [30].

.Jtolll 11:1s1)(’(’11~~i(l(’ly 11s(’(1ilS a I)illary r(v~l.itin~
tool” to stati(:lll~ ins(’rt illstllllll(’llt:itioll (“()(1(’into al)-
l)li(atioll l)illari(s [25]. Dyn:lnli( l)inary r(,vritiny (v-
luln((w this :Il)l)roa(ll I)Y its al)ility to (lyllanli(:llly s(-
lc(t I)la(( an(l tinlc for illst,llllll(lltt~tiolls. This allom
tll(’ g(ul(’ration of l)altitll ti(l(lr(ws tra(vi. for (mlml)l(’.
for fr(’(lll(vltly (’x(’(lIt(’(l r(’gio~ls of (()(1( a~l(l a li]llit(xl
]llunl)(~r of itcrati(nui Ivith a (()(1(’ s(xtion. 111a(l(lition.
Dynhlst mak(w (lyll:inli( l)i]li]ly r(~vlitillg a l)ortal)l(
al)pl’oa(’h.

lf’(ild( (’t d. [27] (I(wril)( illl illliil~ti(’ flillll(’u-olk

fol tll( (’~i]lll;]tio~l of (a(lli]l~ s~st(’~lls. Tll(ir :il)])~oi)(ll
vi(mvi (’il(”ll(’S:IS filt(’lS. :111(1011(”(’olllI)oll(’llt”of t 11(’fl’:llll(’-
\York is ii tla((-sl)(xifi( :itioll llotati(nl (:ill(xl TS;MY..
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TSI)CC issimilarto the RSDS (I(wril)(d hew in that
it~)rovi(l(wa nlor(”f’OITual m(’(.llanism l)Y lvlli(h r(J-
S(’;lr(”ll(’ls lll:IY (O1lllIllllli(:lt(” Iritll (’lilrit Y al)ollt tll(’
111(’1I10I% 1(’f(’1(’11(”(’S~(’11(’lilt(’(l 1)~ il 1)1’()(’(’SS()l. The
TS1)(I( notation” is ~nor( conll)lrx than RSDS$ sin(() it is
:11sotll(’ ol),j(’(’t 011\\-lli(”ll tll(’ (’il(’11(’filt(’1 01)(’lat(’.S :111(1is
11s(’(1to (1(’s(ril)(’ th(’ stjat(’ of a (a(”llill~ syst(m. .All sli(h
notations” s\ll)l)ort th(’ (lcation of” tools” for alltonl;lti(
tlac(’ (q)ansion or sylltll(’ti( tla((’ g(’~1(’lation. an(l (an
1)(T11s(>(1to rq)r(wcnt (liff(vxvlt 1(’Y(’ls of” al)stla(t,ion ill

l)(vlclmark aml~-sis.
Buck an(l Hollingsn-orth” 1)(’rfoml(xl a simulation

stu(ly to I)inpointtllchot spotsofca(h(’missrsl)as(xl

on hardm-ar(’sllpport,for (Iatatra(’(:pyn(:ratioll[4].

Har(lwarc (ountcr slll)polt ill colljm(tion” ~vith inter-
Illl)t sllpport 011 ov(’rflon-” for a (a(’hc nliss count(’r JV:]S
(unlpar(xl to miss counting ill s(’1(’(.t(’(1Hl(mory regions.
The foml(’r al)~)roa(h is })as(’(1 on ~)rol)ing to cal)tur(
data nliss(w at a c(vtaill f’r(’([11(’u(y (e.g.. 011(”out of

,50.000 miss(x). The lat t(’1 al)l)loach l)(vfomN a l)inary
s(’ar(h (or 11-lv+Ys(’ar(h) ()](’r the (lata sI)a((’ to i(l(’ntif}-
the lo(ation” of tllc most fm~ll(’lltly ()(clming nliss(’s.
Sampling ~vas I(:port(xl to yicl(l 1(WSa((llrat(! r(wldts
tllall s(v]l(hill~. Th(’ al)l)roa(h 1):1s((1011 s(ar(’hing ~)ro-
Yi(l(’(1a(vlratr 1(’slllts (~llostly 1(’ss tha~l 2(XI(wO1) for
th(vw si]~llll:ltio~ls. L“llfort(lllilt(’l}-. (’ith(v llar(i~var(, s\ll)-
l)ort for tll(vw tmx) apl)roa(h(vi is not y(’t r(’a(lil~- aYail-
al)l( (~~-ith th( (Jx((q)tioll of tll(’ 1.A-64). or th(w is :1
1:1(1{of (lo(lllll(llt:ltioll” for this sltl)~)ort (as coIlfilIN(J(l
I)Y 011( Y(vl(lor). 111 a(l(lition. illt(’mll)ts 011 ov(rflo~v”
ar(~ illll)r(x”i.s(~(111(’to imitrlt(”tioml(’v(’l l);lrall(’lisnl. TII(’
(l~~til1(’f(’1”(’11(”(’(’illlSill; :111illt(vlll)t is o111,1-kllo\Yll to l)(J
lo(at((l ill “’(10s(”Yi(inity” to th(’ i~lt(’ml~)t(’(1 instrll(.-
tion. \rlli(ll (ol~ll)li(at(w tllc allal~sis. Finally. this (1(,-
scril)(’(1 ll:]l(llvar(~ slll)l)ort is Ilot l)ort:ll)l(’. Ill (.olltrast.

0111”:1})1)10:1(”11to g(’11(’liltill~ tli\(’(’S is :ll)l)li(al)l(’ to to-
(lily’s :Ir(’llit(’(tlll(’s. is l)oltill)l(” iill(l l)l(x. is(’ ill lo(.atill~
(Iata r(’f(’1(’n(x’s. all(l (10(’s not r(’(lllir(’ tll(’ ()\-(’rll(’a(l of
illt(’mll)t ll:lll(llillg. oth(l al)]) lo:l(ll(’s to (1(’t(’nllillin~
tllr (alu-i(’s of (.:1(.11(’ll)iss(w. s1l(ll as infonl)ing ln(moly
()~)(Uti()Ils. iil”(’also I);ls(’(1011llal’(l\vill’(’ sll~)l)olt :111(I :11(~
l)r(v+’lltl~ not slll)l)olt(’(1 ill (ollt(’llll)or:iry” :Il(llit(’(tlll(’s
[13. 22].

Rc((mt nx)lk })Y~l(’llOr-CrIllIIIll(’j- (’t (d. 11S(’S:1 lllo(l-
ifi(’(1 ((nlll)il(’1 to ills(’lt illstllllll(~llt:ltioll (“()(1(’that (’x-

t~:l(ts :i (li~t~] tl:l((~ of :i~l;i~ l(~f’(>l(~]l((,s. Tll(, tl:l(.(, is
l:lt(’r (vq)os(’(1 to :1 (:1(11(’sillllllatol 1)(’for(” llliss (om’l:]-

tio~ls :]1( l(l)olt(>(l [21]. This i)l)])loi](ll SIIi~I(Wits go:Il of

ca(ll(’ (x)rr(’latio~l ~l-itll 0111\York. :]11(1IV(’;ir(’ (.ollsi(l(’rillg
(ollill)orati~(’” (’ffol’ts. ((Prof [19] is ii siluil;lr tool” tll:lt
r(’li(w on I)ost li~ll<-tilll( l)ill:lr~ (’(liti~l~ tllrollgll EEL
[17. 1S] I)llt (illlllot 1,:111(11(sll:ll((l lil)rar~ imitrlm)(vlt:i-
tioll or l):lrti:il tr:l((’s. L(l)(’(k illl(l 11’()()(1i}lso al)~)li(’(1
l)ill~lly (xlitill: to Slll)stitllt( illstlll(tiO1ls tll;)t r(f(r(,ll(.(

data inIneInoryw-ithfunctioncallsto simulatecach(w

omtjh(’-fiy[20].olm M-ork(liffcrsinthefllll(l:l~ll(’llt?llal)-

l)roa(hofmw-riti~lsl)illarics.~~-lli(llisn(’itll(’rr(’strict(’(1

to :1sl)(’(”ialconlpil(’r01 l)rogranmlingl;lll~llil$(’.1101

(10(’sitpr(x”lll(l(’tll(’analysisof”lil)ra~yrolltin(’s..Aw

otherlll:ijol(Iiff(wmc(’a(l(lr(vis(wth(’OY(Irll(Ia(lofl:llK(’

(latat,ra(rsinll(vrntto allth(vwapl)roa(’11(’s.IT’(:1(’-

stri(tOUIX(I1lXISto~)artialt,ra(rsan(l(vnl)loytra(x’(Y)m-

l)rcssionto~)rovi(l(”conl~)a(trq)r(wntations.

R(((vlt work l)y Chilinll)i et d. (’on(’[’lltlat,(’s 011

lmguagc support an(l data h}-out to 1)(’tt(’r exploit

cach(w [8. 7] as ~Y(’11as (lllz~~ltit~lti\-(’ In(’tri(.s to ass(v+s

m(mory l)ottl(m(’(ks within th(’ (lat, a r(’fcr(m(”c stream

[6]. This work introduces tll(’ t (’I’In ‘whole f)7’o,q7’(J7r),

,st7(:(17r/ (WPS) to 1(’fcl’ to tll(, (l:ita I’(>f(vmce stream;

an(l prcs(’llts m(’tllo(ls to compactly I(!p’es(’nt, the \YPs

in a grammatical form, Hommx~r. th(’ IVPS (’OIIl])lTS-

si(m is 0111>-aj)pli(”al)le to s(”alar (Iata. ~vhilc om al)-

proach a(l(hvss(w compa(”t r(’l)r(’s(’Ilt:ltioIls for array a(-

((’ss(’s :111(1(’Y(v1 (lynami(ally allocat(>(l ol)jc(ts. oth(:r

(ffort,s cml((mtrate on access mo(lcling l)as(xi (m w1lO1(T

I)logralll tra(”(’s [3. 14] using cach( miss (quations [11]

or sy~ll})oli(: r(’f(’r(m(x’ aIA}-sis at th(’ somm” l(n-(’l l)as(’(1

011 Prcsl)l Irg(’r formlllas [.5]. Th(w apl)roa(.h(~s involv(”
linear s01V(Y3n-ith r(w~)ons(” ti~ll(v+(m the or(l(’r of s(n-
cral rllillut(w 111)to OY(Yall llollr. }1”(’(’oll(’(’lltlilt(> 0111

(+folts 011l)rovi(ling f(’(>(ll)a(.k to a l)rogranl]n(’1 (llli(kly.
.1 nlu~ll)er of ap~)roa(h(w a(l(hvss (l~nallli( optilniztl-

tiolui tllrol@ I)inaly tr:lluilatioll all(l jllst-imtil~l(’ (olll-
l)ilation t((hlli(lll(w for natil-( (()(lc [24. 2. 9. 26. 12].
Th( lnain tlmlst of th(x( t(xhni(lll(w is I)rogranl tralls-
forlllation” 1):)s(’(1011 knov-l(,(lgc al)ol]t talwn (Jx(’(lltioll
l)atlls. SI1(ll as tl:}(”( s(h((llllin~. TI1(I tl:\~lsfor~ll:\tiO1ls”
in(lll(lc th(’ r(’allo(”:)tioll” of r(’gist(u ;In(l 1001)”tlansfor-
Tll:ltions(s11(11as (()(1(1nlotioll”a)l(lIllnx)lling).ton:]]u(’

iif(~~-.TI1(s( (ffelts i~l(’ (ollstr:lill((l I)Y tll(> tlti(l(-otf
1)(’t~v((vl tl)( ovcrll(a(l of ,jllst-ill-tilnc (x)llll)iltltioll aH(l

tll(’ l)ot(’lltial l)ayoff in (w’(lition tim(’ savi~w+. olu :11)-
l)roa(h (Iifkrs (ousi(l(’ral)ly. J\”(’ :ill(nv offlin<” ol)tinliz:i-
tiom to ()(’(”111.n-hi(ll (10 not ilff(’(’t tll(’ al)~)li(ation’s
1)(’rforllm]l((” (llmillg (ollll)ilatio~l,” :ln(l nY’ r(’ly (m illjc(-
tioll of (Iyllalui(ally ol)tilniz(’(1 c()(I(’ tll(waft(r.

9. Conclusion

11”(’ illtlo(lll((’(1all:11)1)10:1(11to (Ij”llilllli(’ l)il12r}-

l(vvritin~an(lnloti~at(’(1its1)(’n(’fitsfor i(l(vltifyiug

(“:1(’11(’])(>lfOIIllilll(’(”l)ottl(’ll(>(”l{S:111(1fol ill)l)l~illg(1~-

Il:lllli(’(()(1(’ol)tinliziktioils.”IV(’(l(AY’101)(XIt]fralll(woll;

to (’Xtlil(”t l):lrtial (I;ltil tl’il(’(’Sill i] l)ol’till)l(” fas]lioll flolll
lllli]lstllllll(,Ilt((l (’x(’(’llt;ll)l(’s. illl(l (.olltril)llt(’(1 111(’tllo(k

for (OInl);l(tly r(’l)r(s(’lltillg tll(vx tra((’s. .AI1 oldin( al-

goritlll)l IY:IS l)r(’S(’llt(’(1 to (’ill) tllr(’ l’(’glll;ll il(’(”(’SSl):lt -

t(vms (+fi(i(lltl~ tllroil~ll r(AIdar s((tioll (lcs(ril)tors. .1

lli(v;ir(lli(a] l“(’])l”(’S(’llti\tioll. l)()\v(’1’ 1( ’~lllill s(xtioll(1(’-
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s(xipt,(m (PR SDS), (:xt(w(k this notion” to capt,urc K(I-
curring patterns with (Iiffw(mt 1):]s(’a(i(hss(’s, aIl(l the
al)stract,i(m of” (lat)a strcallls provi(ks an ordoring” for
the int(’rl(wving of (liff(wnt PR SDS. Pr(’linlinarl- r(J-
sldt,s show r(xlll(”tiolls of thw or(lws of a magnitu(l(’
of inlinc illstrlllll(’llt:)tioll ov(’r a (llml pro(xss al)l)roa(.h
invol~ing (wlt(’xt s~vit(”hing. v-c also lq)ort (’onstallt

sim r(’l)r(’s(’Ilt; ltioIls for r(’glllar a((ms l)att(m in n(wt(xl

1001)s.” TY(I ar(’ clm(mtly l)lmuing s(IY(Iral (Iir(xti(ms to

cq)loit, the knmvl(’(lg(’ of (Lit a st r(v)ms in t 11(’cent ext,

of soft,w-arc ol)ti Illiz~ltiolls” an(l. Pot(’ntial]y, sp(’(ializ(xi

11?11(1W211%slll)l)ort
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